Abstract Cardiovascular magnetic resonance imaging (CVMRI) is of proven clinical value in the noninvasive imaging of cardiovascular diseases. CVMRI requires rapid image acquisition, but acquisition speed is fundamentally limited in conventional MRI. Parallel imaging provides a means for increasing acquisition speed and efficiency. However, signal-to-noise (SNR) limitations and the limited number of receiver channels available on most MR systems have in the past imposed practical constraints, which dictated the use of moderate accelerations in CVMRI. High levels of acceleration, which were unattainable previously, have become possible with manyreceiver MR systems and manyelement, cardiac-optimized RF-coil arrays. The resulting imaging speed improvements can be exploited in a number of ways, ranging from enhancement of spatial and temporal resolution to efficient whole heart coverage to streamlining of CVMRI work flow. In this review, examples of these strategies are provided, following an outline of the fundamentals of the highly accelerated imaging approaches employed in CVMRI. Topics discussed include basic principles of parallel imaging; key requirements for MR systems and RF-coil design; practical considerations of SNR management, supported by multi-dimensional accelerations, 3D noise averaging and high field imaging; highly accelerated clinical state-of-the art cardiovascular imaging applications spanning the range from SNR-rich to SNR-limited; and current trends and future directions.
Introduction
Cardiovascular MR imaging (CVMRI) has become a valuable diagnostic imaging modality in the non-invasive detection of cardiovascular diseases [1] [2] [3] [4] [5] [6] [7] [8] [9] . The need for speed and efficiency dictated by physiological motion and flow has been a significant motivating force for the development of ever more rapid MR imaging techniques and tailored MR system hardware. Over the past several years numerous CVMRI techniques and their variants have been proposed and examined in early feasibility and clinical studies to address the need for balancing the competing constraints of spatial and temporal resolution, image quality and imaging speed [10] [11] [12] [13] [14] [15] [16] [17] .
Imaging speed is fundamentally limited in conventional MRI by technological and physiological limits to gradient switching rate and radio-frequency (RF) power deposition. The advent of parallel imaging [18, 19] introduced a new means of acceleration while still providing the full spatial information. In parallel MRI, RF detector coil sensitivities are used to encode simultaneous spatial information that complements the information obtained through sequential application of magnetic field gradients. Since the challenges and benefits of ultra-fast MRI are nowhere more apparent than in CVMRI, it is not surprising that some of the earliest parallel MRI applications were in the field of CVMRI [20] [21] [22] [23] [24] . With the broad clinical introduction of parallel MRI various means for increasing acquisition speed in CVMRI beyond previous limits have become available [25] .
For conventional RF-coil array designs and typical imaging volumes, signal-to-noise ratio (SNR) losses associated with parallel MRI, particularly at comparatively high accelerations, have constituted a significant practical obstacle, as has the limited number of receiver channels available on most MR scanners. Previously clinically used net acceleration factors (R) generally have not exceeded moderate values of up to R=4. This constraint has prompted the development of many-element RF coil arrays in conjunction with many-receiver systems [26] [27] [28] , which represent a key enabling factor for high accelerations.
Today, a move towards widespread availability of MR systems with 32 or more receiver channels equipped with many-element high density RF coil arrays is underway. The resulting gains in speed and efficiency promise to advance the capabilities of CVMRI [27] [28] [29] [30] [31] in various ways as outlined in Table 1 . In the sections that follow, examples of these strategies will be provided including contrastenhanced MR angiography, assessment of cardiac function, coronary arteriography, myocardial perfusion imaging, viability assessment and anatomical imaging. But first, this review addresses the key concepts, hardware requirements, and practical considerations of highly accelerated CVMRI. Finally, current trends-such as the trend towards high field imaging-and future directions in massively accelerated parallel CVMRI are considered. Of course, highly accelerated MRI is an area of vigorous ongoing basic and clinical research, and many potentially valuable developments will receive only brief mention here.
Concepts of and practical considerations for highly parallel CVMRI

Basics of parallel MRI
Parallel imaging strategies use the spatial variation in RF detector coil sensitivities ( Fig. 1 ) to encode simultaneous spatial information [18, 19] . Undersampled data are acquired using an RF coil array, with a reduced number of encoding gradient steps as compared with traditional unaccelerated acquisitions, and the missing information is reconstructed using knowledge of the coil sensitivities. Three intuitive pictures are helpful to understand the undersampled acquisition and image reconstruction approaches:
-The k-space picture, exemplified by the original SMASH technique and carried on in popular modern techniques such as GRAPPA [32] , which involves the regeneration of missing k-space lines corresponding to omitted phase-encoding gradients [18] . -The image-domain picture, as represented by the original Cartesian SENSE formulation, which involves the unfolding of aliased voxels that result from undersampling [19] . -A generalized perspective, which connects the SMASH-like and SENSE-like pictures [33] [34] [35] [36] and treats the encoding functions from each coil or gradient step as distinct projections of the imaged volume, and performs a generalized reconstruction from projections to generate images.
Recently, parallel imaging has been combined productively with techniques that use spatiotemporal correlations in dynamic imaging ( Fig. 1) such as CINE or first pass bolus chase perfusion imaging. In these techniques, the availability of multiple time frames affords one the opportunity to vary acquisition trajectories as a function of time. This is the concept behind techniques such as UNFOLD [37] and k-t BLAST [38] , which have been used primarily for CVMRI. In all cases, spatial information from coil arrays can be combined with temporal information to yield increased net accelerations for dynamic imaging. Examples of accelerated spatio-temporal hybrid techniques include UNFOLD-SENSE, TSESNE and k-t SENSE [38] [39] [40] . Table 2 surveys the basic principles, merits and limitations of parallel imaging techniques exploiting spatio-temporal correlations.
Tradeoffs for the increased speed and efficiency afforded by parallel imaging include the need to calibrate coil sensitivity patterns, the need to acquire training data in the case of k-t techniques, the possibility of image artifacts when calibration or training data are inaccurate, and reduced SNR compared with unaccelerated imaging using the same coil array. It should be noted that noise amplification, as characterized by the g-factor [19] , is generally non-uniform in parallel imaging, which renders noise estimation using a region of interest (ROI) approach unsuitable for SNR measurements. Alternatively, SNR estimation using temporal filtering [41] or a general procedure for reconstruction in SNR units [42] is applicable to SNR measurements for certain parallel imaging techniques.
Integrated many-receiver MR system design Early versions of many-receiver systems were constructed either by using custom data acquisition equipment [43, 44] or by integrating multiple sets of commercial MR system electronics [26] [27] [28] [29] . The latter experimental prototype was used to demonstrate the clinical feasibility of order-ofmagnitude accelerations [27, 28, 45, 46] , which served, in part, to prompt further developments towards single cabinet many-receiver MR systems with 16 and more independent channels.
Today, commercial many-receiver MR systems operating at 1.5 T and 3.0 T are available, although the palette of hardware and software capabilities as well as scan options for highly accelerated CVMRI might vary from vendor to vendor (Table 3) . As 32-receiver systems equipped with many-element, high density RF-coil arrays become readily available, experimental prototypes are expected to continue to evolve towards an even larger number of RF receive channels. Descriptions of such systems have begun to appear in early reports [43, 47] .
Cardiac-optimized many-element RF-coil arrays For many-element RF-coil array configurations customized for CVMRI, the coil elements located on the chest wall and towards the left side are of chief importance, due to the heart's position in the chest cavity. Furthermore, the use of comparatively small, deep-lying fields of view with multiple subject-specific oblique image plane orientations, together with considerations of patient comfort, present a challenge for the design of robust and flexible manyelement coil arrays. Early many-element coil arrays tended to be laid out on rigid frames and arranged in contoured 2D grids either with conventionally overlapped elements [26] or with element spacing carefully selected based on simulations of accelerated SNR [27] . A subsequent cardiacoptimized configuration used an asymmetric and nonuniform hexagonal lattice design with 21 anterior and 11 posterior circular coils [48] . Various cardiac-optimized coil arrays using honeycomb designs with overlapped elements are now becoming more readily available [49] [50] [51] . Consists of an undersampling and training stage SNR reduction given by decimation factor only Exploits a priori information from fully sampled, low spatial resolution training data, which carry full information on correlation between k-space and time SNR reduction less than in coil sensitivity encodingbased techniques
Information from the training data is used to construct the k-t BLAST reconstruction filter
Can be combined with sensitivity encoding (k-t SENSE)
Application of the filter to the aliased k-t space data recovers the unaliased signal TSENSE Exploits frame-to-frame temporal correlation (UNFOLD) together with spatial information of coil sensitivity (SENSE)
Ability to tolerate body motion or change in scan plane without reacquiring additional reference images
Noise amplification proportional to geometry-factor (Adaptive) spatio-temporal filtering method compares the baseline (unaccelerated) SNR of a prototype 32-element array designed for cardiac imaging at 1.5 T with that of a commercial 1.5-T cardiac array with five elements. In these phantom studies, the 32-element array clearly outperforms the 5-element array. Commercial offerings are expected to continue to evolve towards arrays customized for highly accelerated clinical CVMRI, though the broad spectrum of cardiovascular MRI applications makes it challenging to identify an optimal many-element coil array design. However, the selected array should meet the following minimum requirements: (1) light weight design, (2) mechanical flexibility including the coil itself, cabling and coil positioning for common and rare anatomical variants, (3) ease of clinical use, (4) sufficiently high baseline SNR to offset anticipated SNR losses for high target acceleration factors, (5) large sensitive region that is sufficient to cover the cardiovascular anatomy of choice (for example heart + pulmonary vessels), (6) a desirable noise amplification profile for image planes of interest, (7) a multi-dimensional arrangement of coil elements to enable multi-dimensional accelerations, (8) uncompromised patient comfort and (9) principal directions of sensitivity variation in the array that match, as far as possible, the planned phase encoding directions to be accelerated. It is advisable to test the clinical performance of many-element coil array designs on site prior to purchase.
Practical considerations for highly accelerated CVMRI
2D vs. 3D imaging, and one-dimensional vs. multidimensional accelerations
In current clinical practice many CVMRI applications are confined to thin targeted slabs using free-breathing techniques or to a single slice per breath-hold. With eight to ten short axis slices required to cover the full cardiac anatomy, the conventional approach can result in prolonged examination times on the order of 10 min, with corresponding patient discomfort. Strategies for extensive anatomical coverage at the required spatial resolution within a single breath-hold have been elusive hitherto. For this reason, a strategy employing accelerated 2D techniques encompassing multiple slices per breath-hold is conceptually appealing for the pursuit of broad anatomic coverage in clinically acceptable examination times. For sufficiently high accelerations and sufficiently extended anatomic coverage, however, comprehensive breath-held 3D acquisitions become feasible, and the synergies between 3D sequences and parallel imaging come strongly into play. One particular synergy lies in the area of offsetting SNR losses through 3D noise averaging.
The use of many-element RF coil arrays can alleviate noise amplification to some extent, but electrodynamics 
dictate that a rapid degeneration of SNR at high onedimensional accelerations is inevitable [52, 53] . Fortunately, a sufficient number of receivers allows the use of multi-dimensional RF coil array arrangements capable of multi-dimensional accelerations, which preserves SNR as compared to one-dimensional accelerations [52, 54] . Consequently, undersampling may be equally distributed to the k y and k z phase encoding directions in 3D imaging to afford higher net acceleration factors compared with 1D accelerations. However, conventional targeted slab CVMRI covers spatially limited volumes, over which it is difficult to obtain spatially distinct coil sensitivity information. Thus, parallel imaging is only practical in the slice direction if array elements are confined to a small coil diameter or if fairly thick slabs are used. It should be mentioned that, for dynamic imaging applications, techniques that use spatio-temporal correlations may be a preferred means of achieving high accelerations, given their favourable SNR behaviour. Of course, these spatial-temporal techniques may be combined with parallel imaging for further improvements in imaging speed and/or coverage.
Whole heart coverage and the merits of simplification For a number of reasons, traditional constraints on MR imaging speed have represented an obstacle to the widespread clinical application of CVMRI. One sometimes underappreciated consequence of scan-time constraints is an increase in the complexity of cardiac imaging examinations, which have tended to involve prescription of multiple targeted slices or slabs in a variety of patientand anatomy-specific orientations. With the targeted-slab approach, some of the inherent advantages of MRI (e.g., flexibility of contrast mechanisms) are offset by the complexity of scan prescription and data acquisition. Highly accelerated parallel imaging can simplify existing CVMRI protocols by replacing multiple targeted scans with a single accelerated volumetric acquisition. When the imaged volume is sufficiently large, the need for precise targeted prescription is reduced, and in some cases timeconsuming localization steps may even be bypassed entirely. For example, by simply prescribing large, judiciously centered axial or coronal volumes, one can achieve complete heart coverage in a single acquisition. With this approach, scan prescription is dramatically streamlined, allowing comprehensive anatomical or functional scanning of any anatomic variant at the press of a button. The frequently encountered difficulty of missed coil or image plane placement is avoided in this case. The volumetric approach also supports retrospective visualization of standard cardiac views or tortuous segments of large vessels and coronary arteries.
High field CVMRI
At low magnetic field strengths, SNR degradation associated with highly parallel CVMRI becomes increasingly challenging as the acceleration factor increases. In addition to higher baseline SNR, high field strengths offer the potential to reduce noise amplification in parallel imaging for B 0 >3.0 T [52, 53] . Meanwhile highly accelerated parallel imaging can help to address some of the practical limitations of high-field imaging, including RF power deposition constraints and susceptibility effects. Hence, high-field parallel imaging holds high promise for rapid comprehensive CVMRI examinations. Despite some appreciable tradeoffs associated with high-field imaginge.g. the degradation in quality of steady-state free precession sequences-the promise of high-field parallel CVMRI has been recognized both as a driver and as a beneficiary of the current broad move towards clinical 3.0-T many-channel whole body MR systems.
Potential artifacts
Artifact galleries are available documenting parallel cardiovascular MRI artifacts [55] . Artifacts are caused either by errors in any of the preparation stages of a parallel imaging study, by equipment malfunctions, or by "intrinsic" causes such as motion of the patient or the coil array [55] . Artifacts specific to highly accelerated parallel imaging can result either from the increase in the baseline SNR of many element RF-coil arrays, the acquisition (for example, 2D vs. 3D imaging) and reconstruction strategy (for example, coil sensitivity encoding vs. spatio-temporal correlations) used. Artifacts may be manifested as ghosting along the phase encoding direction, residual aliasing, slice wrapping, increased noise amplification and temporal blurring. Table 4 and Fig. 3 summarize potential artifacts specific to highly accelerated imaging together with workarounds. On the other hand, as will be discussed, the use of parallel imaging can reduce the incidence or severity of other common imaging artifacts, such as motional blurring, slice misregistration, Gibbs ringing and non-uniform suppression of healthy myocardium for all imaged sections. This balance should be considered in the planning and the interpretation of highly accelerated parallel CVMR studies.
One particular caveat about the use of highly accelerated cardiovascular MR is the requirement that the target "full" field of view (FOV) after reconstruction be free of aliasing along any direction to be accelerated. In SENSE-based imaging the overlap of structures in the target field of view leads to ambiguities in the partitioning of intensities among aliased positions resulting in image artifacts. Relaxation of the FOV constraint has been reported to be possible for GRAPPA reconstructions [56] .
Clinical applications of highly accelerated CVMRI
Contrast-enhanced vascular imaging
First pass contrast-enhanced MR angiography (MRA) is a particularly appealing candidate for highly accelerated parallel imaging because it is comparatively rich in SNR. The relatively rapid passage of contrast agents through the vascular system requires fast imaging techniques for continuous bolus tracking or appropriately timed bolus chasing [57] . Highly accelerated parallel MRA may be used:
-to eliminate extra bolus arrival time calibrations by enabling continuous volumetric acquisitions with previously unattainable temporal resolution or -to increase anatomic coverage or spatial resolution within a given imaging time, allowing comprehensive scanning of any target vessel territory, and the frequently-encountered difficulty of truncated anatomy is avoided, as illustrated in Fig. 4 , -to improve temporal resolution of time-resolved MRA down to 2-4 s without substantially sacrificing the spatial resolution to clearly distinguish arterial from venous phases or to evaluate contrast dynamics [28] .
Twelve-to 16-fold accelerations have been reported for volumetric, contrast-enhanced MRA [27, 28] , which enable comprehensive coverage of the vasculature with clinically useful spatial resolution. Substantial timesavings in image prescription and total examination time were noted in a feasibility study in which multiple targeted scans were replaced by a single accelerated scan covering a large volume [58] . The diagnostic feasibility of 2D accelerated renal MRA at 3.0 T was recently demonstrated [59] , whereby the use of a 32-channel RF-coil array together with six-fold accelerations supported high image quality and extended anatomic coverage. The combination of speed, otherwise unattainable volume coverage, and simplification of scan prescription offers a versatile set of trade-offs to accommodate individuals with the most limited breath-hold capacities and is particularly useful for pediatric studies, as shown in Fig. 5 .
It should be noted that parallel imaging techniques can be combined with the existing repertoire of traditional time-or data-sharing approaches such as half-fourier, key hole and time-resolved imaging of contrast kinetics (TRICKS) [60] , resulting in net accelerations of up to 60 [61] . Multi-station and moving table MRI approaches have also been proposed to be combined with many-element receive coils and parallel imaging for situations in which extensive or multi-territory anatomic coverage is required to provide accurate diagnosis of systemic atherosclerotic disease [62, 63] . With the acquisition speed advantage of highly accelerated parallel imaging, cardiac gated large volume 3D scans also become possible to reduce cardiac motion-induced lumen blurring without exceeding clinically acceptable breath-hold times.
Global cardiac function assessment
High SNR, high contrast-to-noise ratio (CNR) and high temporal resolution are essential for the precise assessment of global cardiac function using CINE imaging. To achieve apex-to-base coverage, the traditional approach results in total examination times of approximately 10-12 min may Table 4 Summary of potential artifacts specific to highly accelerated imaging using high-density RF-coil arrays together with workarounds Artifact Root cause
Work around
Ghosting along the phase encoding direction for regions very close to the many-element coil array, even in the case of unaccelerated imaging (Fig. 3a ) Artifacts occur primarily in gradient echo imaging and are related to surviving transversal magnetization (higher coherences) caused by imperfect spoiling along the slice direction
Increase spoiler gradients along the slice direction to disturb any residual transversal magnetization (Fig. 3a) Residual aliasing Strong signal contributions of anatomy close to the RF-coil arrays (i.e., chest wall)
Use saturation slabs or fat suppression to suppress/reduce chest wall signal Slice wrapping and aliasing along the slice direction in 3D imaging (Fig. 3b ) Imperfect slab excitation profile violates the need for the target "full" slab field of view (FOV) after reconstruction be free of aliasing along the slice direction Improve slice profile of slab excitation Make the 3D RF-excitation slab thinner than phase encoded volume (slab correction factor =1.2-1.35) (Fig. 3b) Apply oversampling along the slab direction Uncorrected aliasing (Fig. 3c ) Deficits in the estimation of the coil sensitivities due to limitations in the spatial resolution of the external reference scan Improve spatial resolution of the external reference scan (Fig. 3c ) Use self-calibrating techniques
Artifacts due to inappropriate fields of view such as unfolding along the phase encoding direction (Fig. 3d ) At least for image-domain SENSE reconstructions, overlap of structures in the target field of view leads to ambiguities in the partitioning of intensities among aliased positions resulting in aliasing artifacts Use a more generous phase FOV, which serves to avoid phase wrap Use oversampling along the phase encoding direction together with larger acceleration factor to compensate for the speed penalty of oversampling (Fig. 3d Reduce acceleration factor (Fig. 3e) Increase spatial resolution of training data Training data plug-in into the recon Fig. 4 Schematic depiction of conventional MRA using multiple targeted slab acquisitions (a) versus highly accelerated parallel imaging with many-element coil arrays (b). Limitations in the breath-hold duration constrain the conventional approach to use of multiple tailored slabs. Maximum intensity projection (MIP) (c), which was obtained from a first post-contrast phase, large volume coverage MRA study using a 32-element coil array. For this purpose accelerated data acquisition was timed for optimal arterial enhancement. The data were obtained in a 7-s breath-hold, reduced by an acceleration factor of 9 from an impractical 62 s Fig. 3 Gallery of artifacts, which might occur when using manyelement coil arrays and highly accelerated MRI. a Ghosting along the phase encoding direction even in unaccelerated imaging (top). This artifact is related to surviving transversal magnetization caused by imperfect spoiling along the slice direction. If the spoiler gradients along the slice direction are increased (factor 4 in this example) to disturb any residual transversal magnetization the signal-to-artifact ratio can be significantly enhanced [from 3 (top) to 120 (bottom) in this example]. b Residual aliasing along the slice direction (top) caused by an imperfect slab excitation profile in accelerated 3D imaging. One approach to circumvent this issue is to make the 3D RF-excitation slab thinner than the phase encoded volume (bottom). The reformatted coronal slices shown here were taken from a two-fold accelerated (R z =2) 3D data set covering the entire phantom. For the top image no slab correction factor was used while the bottom image was derived from a 3D data set using a slab correction factor of 1.35. c Uncorrected aliasing (top) induced by deficits in the coil sensitivity estimation due to limitations in the spatial resolution of the external reference scan. Solutions are available through the use of self-calibrating techniques or the improvement in the spatial resolution of the external reference scan. In this example, the spatial resolution of the reference scan was improved from (1.5×6.2×6.6) mm 3 (top) to (1.5×1.5×2.2) mm 3 (bottom) resulting in a signal-to-artifact-ratio of 10 (top) and 120 (bottom). d Unfolding along the phase encoding direction due to inappropriate fields of view (top). At least for image-domain SENSE reconstructions, overlap of structures in the target field of view leads to folding artifacts. Aliasing can be reduced by over-sampling along the phase encoding direction together with larger acceleration factor to compensate for the speed penalty (bottom). The following acquisition/ reconstruction parameters were used: top) FOV=250 mm, R y =2 (L-R), matrix size 256×256, (bottom) FOV=250 mm, R y =4 (L-R), matrix size 256×512, over-sampling factor =2. e Reduced border sharpness of moving structures in dynamic imaging due to limited temporal fidelity of spatio-temporal correlations based techniques (top). In this example the border sharpness is illustrated using 1D-projections (m-mode like view) along a line through the short axis views covering the entire R-R interval, which were obtained from eight-fold accelerated 2D CINE SSFP using k-t BLAST (top). Image quality and border sharpness in the accelerated scan can be controlled by the use of an appropriate acceleration factor (bottom). For this reason the acceleration factor was reduced from 8 (top) to 5 (bottom) diminish patient compliance and may result in appreciable slice misregistration. Highly accelerated parallel imaging helps to overcome these difficulties by allowing 2D CINE techniques with multiple slices acquired per breath-hold, resulting in whole heart coverage within one to two breathholds (Figs. 6 and 7) by using four-fold (SENSE, GRAPPA) or five-fold (k-t BLAST, TSENSE) 1D accelerations [64, 65] . Alternatively, single breath-hold, whole heart, 3D CINE acquisitions with acceptable spatial and temporal resolution may be achieved via six-fold (R=3×2) to eightfold (R=4×2) 2D accelerations (Fig. 8) . Volumetric data sets are particularly desirable in part because they can be retrospectively reformatted to obtain multiple different cardiac views (Fig. 8) . Accelerated 2D and 3D approaches offer means to accommodate individuals with the most limited breath hold capacities, including patients with compromised pulmonary function or congestive heart failure. To achieve the high accelerations required without incurring prohibitive SNR losses associated with sensitivity encoding, spatio-temporal correlations in dynamic CINE imaging can be exploited using k-t approaches [64, 66, 67] , though the temporal fidelity of these approaches remains a concern [64] . A fairly rapid degeneration of myocardial border sharpness at accelerations R≥8 may be inevitable, which may lead to global cardiac function parameter statistically different from those obtained for the conventional approach (end-diastolic volume (EDV): 158±14 ml vs. 150±11 ml, end-systolic volume (ESV): 62±6 ml vs. 67±5 ml, ejection fraction (EF): 60±4 % vs. 54±3%) [64] . 2D CINE TSENSE yielded examination time reductions of approximately 80% at 1.5 T [65] . ESV and EF obtained from a five-fold accelerated patient study using 2D CINE TSENSE showed excellent correlation with the unaccelerated approach while EDV examination revealed a difference of (4.1±5.8 ml) between TSENSE accelerated 2D CINE and conventional 2D CINE [65] . Highly parallel CINE imaging also facilitates the capture of an increased number of cardiac phases without exceeding breath-hold constraints. The high temporal resolution of such approaches should allow accurate wall motion tracking and tracking of small rapidly moving structures such as valve cusps throughout the cardiac cyclea capability expected to be beneficial for the examination of local contractile malfunctions and valvular disease. 5 Coronal maximum intensity projections (MIPs) derived from a contrast-enhanced MRA of a pediatric patient with a congenital heart defect. The MIPs were selected from multiple dynamic volumetric acquisitions, reduced in duration by a factor of 8 from 36 s to 4.5 s. They are shown as successive time-resolved frames, obtained after contrast bolus injection. Note the extensive volume coverage of the vasculature from the carotid to the renal artery as well as the clear differentiation between the arterial and venous phase, achieved at this high temporal resolution. A 32-element coil array and a supporting 32-receiver imaging system were used for eight-fold accelerated data acquisition using two-dimensional parallel imaging (R=4×2). A matrix size of 416×263×65 and an FOV of 46×46×9.5 cm 3 result in a high spatial resolution per unit acquisition time Fig. 6 Short axis CINE images of the heart obtained in systole using an unaccelerated (R=1) conventional 2D SSFP approach (a) and 2D SSFP in tandem with sensitivity encoding-based parallel imaging (b-e) using acceleration factors up to 8 (e). The increase in the acceleration factor together with a constant number of phase encoding steps per cardiac cycle resulted in a significant reduction in breath hold duration. Image quality is preserved in the accelerated scans. Images were acquired using a 32-element cardiac phased array coil. The speed gain of highly accelerated parallel imaging serves to cover the heart from the apex to the base in 1-2 short breath-holds. Over-sampling was applied along the phase encoding direction , which results in Gibbs ringing artifacts [68] and (2) the limited anatomic coverage achievable while accomplishing one-or twoheart-beat temporal resolution to track the contrast agent passage. To reach the goal of millimeter in-plane spatial resolution, while preserving single-heart-beat temporal resolution, k-t techniques can be exploited. A recent precursor to a broader clinical study [69] demonstrated that 8-to 16-fold accelerated k-t approach yielded image quality superior to that of the conventional approach, primarily as a result of the substantial suppression of Gibbs ringing artifacts as illustrated in Fig. 9 . The ability to produce exquisite in-plane spatial resolution as demonstrated in Fig. 9 may offer greater diagnostic value for myocardial perfusion assessment and supports an extension of the perfusion assessment to the right ventricle, though the temporal fidelity of massively accelerated k-t techniques (R>8) must be viewed with caution. Hence its applicability for parametric analysis of the signal intensity time course requires further investigations. With sufficient accelerations, perfusion imaging should be feasible using 3D acquisitions for whole heart coverage.
Coronary MR angiography (CMRA)
Highly accelerated parallel imaging strategies provide several means of improving the quality of CMRA by minimizing the impact of physiological motion [29] . The time savings of accelerated CMRA have been translated into enhanced spatial resolution, which resulted in improved delineation of proximal and, most especially, distal segments of the coronary arteries [70] . Highly accelerated parallel imaging with accelerations as high as R=16 allow whole heart CMRA within a 1-2-min free breathing acquisition [71] or a single breath hold scan (Fig. 10 ), though SNR constraints currently limit clinical CMRA to a maximum acceleration factor of R=8. This constitutes a significant scan time reduction, which, in turn, may enable integration of CMRA into a short comprehensive CVMRI examination. Initial experience at 3.0 T suggests that higher field strengths in conjunction with tailored array designs may enable clinical CMRA with sub-millimeter spatial resolution, although the issue of the off-resonance sensitivity of SSFP techniques remains a concern.
Detection of myocardial infarction and assessment of myocardial viability
The established CVMRI assessment of ischemic heart disease includes delayed contrast-enhanced imaging [72] .
The resulting low SNR due to suppression of background and healthy myocardial signal presents a challenge for combinations with highly accelerated parallel imaging. However, the established unaccelerated approach exhibits long examination times of 10-15 minutes with corresponding patient discomfort and decay of contrast agent concentration over the course of the exam. Six-(R=3×2) to eight-fold (R=4×2) accelerated parallel imaging can produce whole-heart coverage in a single breath-hold (Fig. 11) , increasing patient comfort and ensuring uniform suppression of healthy myocardium for all imaged sections. The inherently low SNR can be offset by the use of many-element coil arrays in synergy with high magnetic field strengths.
Meanwhile, a phase sensitive reconstruction of inversion recovery (PSIR) technique has been shown to enhance the contrast between healthy and infarcted myocardial tissue [73, 74] . However, this approach requires two R-R intervals for full magnetization recovery and hence doubles the total scan time as compared with the conventional 1 R- Fig. 10 Conventional coronary MRA using targeted slabs (left) versus highly-accelerated parallel, whole-heart coverage coronary MR angiography (right). For the highly accelerated approach a 32-element array was used to achieve 8-fold (R=4×2) accelerations for an axial 3D SSFP image volume. Reformatted views of the left anterior descending and right coronary artery obtained from the targeted scans are shown at the bottom on the left hand side. The full complement of information was available following a highly accelerated, single breath-held scan with simple axial planning and whole heart coverage shown at the bottom on the right hand side Fig. 9 Selected short axis first-pass perfusion images (a) derived from a 3.0-T patient study after open chest surgery encompassing three slices per heartbeat using k-t BLAST reconstruction with 16-fold undersampling. The k-t BLAST approach enabled acceleration factors and image quality that are unattainable with one-dimensional SENSE. The image on the right (b) demonstrates the suppression of Gibbs ringing artifacts as well as a high spatial resolution of (1.0×1.0×8.0) mm 3 in a magnified segment (marked by the white rectangle in the adjacent image). Images were acquired at 3.0 T with a 32-element cardiac coil array. Susceptibility artifacts were caused by surgical cerclages R interval approach. This drawback can be compensated by using the time savings inherent to high accelerations while still preserving the ability of whole heart coverage 3D acquisitions.
Outlook
As high accelerations are accomplished more routinely, they should help to enable ever shorter comprehensive CVMRI examinations for the detection of heart disease, while improving volumetric coverage, operator convenience and patient comfort.
The extra diagnostic value afforded by highly accelerated parallel imaging is expected to drive future technological developments. As many-element, high density RF-coil arrays become more common, ergonomic requirements are likely to motivate innovative cabling methods, or even wireless coil connectivity. A move towards 64-bit reconstruction hardware and parallel computation has been recognized as an important step in overcoming current memory and performance constraints on image reconstruction for many-channel volumetric acquisitions. Another important development is the move towards commercial 3.0-T or even 7.0-T MR systems with 32 or more receiver channels. The requirements of CVMR at high-or ultra-high magnetic field strengths are also likely to pave the way for further advances in RF coil technology. For example, an encircling grid with a sufficient number of elements embedded in the whole body coil insert would allow arbitrary placement of encoding directions. Another exciting development is the extension of parallel MRI to the excitation phase to reduce RF power deposition and to improve B 1 homogeneity at high field strengths [75, 76] .
With appropriate hardware design and customized imaging techniques, one might envisage compressing a comprehensive CVMRI exam not merely into a span of 30-45 min, but even into a few short breath-holds or a short period of free breathing. While this is, for the moment, merely a vision, it continues to motivate new basic and clinical research, and offers the prospect of rapid volumetric imaging in the style of multi-detector CT while maintaining the full range of biochemical contrast options associated with MRI. Fig. 11 Top: Three representative short-axis views of the heart obtained from a 3.0-T study performed in a patient after open chest surgery using 2D segmented IR prepared gradient echo imaging covering a single slice per breath-hold together with phase sensitive reconstruction (PSIR); an approach that is used routinely in clinical assessment of myocardial infarction. Bottom: Three out of 20 short axis views obtained in the same examination using an eight-fold accelerated single breath-hold 3D segmented IR prepared gradient echo acquisition with apex-to-base coverage. Highly accelerated 3D imaging enabled acquisition of all data at the same time point of the contrast agent wash-in/wash-out kinetics, which helped to ensure uniform suppression of healthy myocardium for all imaged sections. The low SNR was offset by the use of high magnetic field strength (3.0 T) in conjunction with a 32-element cardiac-optimized coil array
